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The  paper  introduces  a  novel  ex  situ  test  procedure  that  was  developed  to  quantify  the  ageing  of  catalyst 
layers  under  critical  automotive  fuel  cell  conditions  during  start-up/shut-down  phases.  It  is  based  on 
liquid  electrolyte  measurements,  using  a  thin  film  catalyst  electrode.  The  overall  degradation  under 
start-up/shut-down  conditions  is  assessed  by  the  decay  in  electrochemically  active  surface  area. 
Furthermore,  contributions  from  different  processes  leading  to  catalyst  degradation  such  as  Pt  dissolu¬ 
tion  and  Pt  particle  growth/agglomeration  can  be  separated.  Finally,  using  a  differential  electrochemical 
mass  spectrometry  (DEMS)  set-up,  also  the  extent  and  role  of  carbon  corrosion  under  these  conditions  is 
accessible.  The  potential  of  this,  compared  to  in  situ  fuel  cell  stack  tests,  rather  fast  and  less  costly  ex  situ 
test  procedure  is  demonstrated  in  measurements  using  a  commercial,  graphitized  carbon-supported  Pt 
catalyst.  The  results  of  the  degradation  test  and  in  particular  the  contributions  from  different  degradation 
processes  such  as  Pt  dissolution,  Pt  particle  growth/agglomeration  and  carbon  corrosion  during  different 
stages  of  catalyst  ageing  are  discussed. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Proton  Exchange  Membrane  Fuel  Cells  (PEM  FCs),  despite  being 
a  promising  alternative  to  combustion  engines,  still  face  many 
challenges  related  to  cost  and  durability.  In  order  for  automotive 
fuel  cells  to  become  commercially  attractive,  the  current  opera¬ 
tional  lifetime  of  2500  h  must  be  increased  to  6500  h  [1  ].  Over  this 
lifetime,  an  automotive  fuel  cell  will  be  exposed  to  over  13,600 
start-up  events  and  500,000  short  drive  cycles  [2],  both  of  which 
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are  key  drivers  for  degradation.  Cathode  catalyst  degradation 
during  transient  operation  causes  a  gradual  decline  in  performance 
through  the  loss  of  the  electrochemical  surface  area  (ECSA)  of 
platinum  [3-9].  Considering  that  the  cathode  accounts  for  55—77% 
of  the  total  PEM  FC  stack  cost  [10-12],  it  is  important  to  understand 
the  mechanisms  of  the  degradation  processes  that  occur  during 
automotive  fuel  cell  operation.  Of  particular  interest  is  the  degra¬ 
dation  during  start-up  and  shut-down  (SU/SD)  events  in  a  vehicle 
[13].  During  shut-down,  air  will  slowly  fill  the  anode  flow  field  of 
the  fuel  cell  that  initially  was  filled  with  hydrogen  gas,  causing 
a  hydrogen/air  front  to  move  through  the  anode  channels.  Similarly, 
during  start-up,  hydrogen  is  fed  to  the  anode,  creating  a  Eh/air 
front.  It  has  been  found  that  the  cathode  voltage  reaches  potentials 
higher  than  1.4  V,  depending  on  the  velocity  of  the  E^/air  front 
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filling  the  anode  side  of  the  system  [13].  This  creates  a  high  inter¬ 
facial  potential  difference  in  the  region  of  the  H2/air  interface, 
causing  carbon  corrosion  and  oxygen  evolution  at  the  cathode 
electrode.  Catalyst  degradation  mechanisms  under  SU/SD  condi¬ 
tions  are  often  studied  using  the  PEM  FC  stack  as  test  object,  by  in 
situ  test  methods  [13].  These  tests,  however,  can  be  costly,  they  do 
not  allow  to  discriminate  between  different  processes  contributing 
to  the  overall  degradation  [14,15],  which  prevents  a  deeper 
understanding  of  the  specific  mechanisms  for  catalyst  degradation. 
The  in  situ  tests  often  require  larger  amounts  of  catalyst  material 
and  therefore  are  not  always  suitable  when  assessing  new  research 
catalysts.  In  addition,  in  PEM  FC  the  degradation  is  difficult  to 
quantify  and  particularly  the  amount  of  dissolved  Pt  since  it  is 
trapped  in  the  membrane  and  in  the  ionomer  of  the  catalysts  layer. 
For  rapid  evaluation  of  catalyst  materials,  model  studies  in  liquid 
electrolyte  (ex  situ  characterization)  and  accelerated  degradation 
tests  would  be  highly  desirable.  To  be  useful,  the  testing  method 
must  allow  i)  for  a  fast  screening  of  different  catalysts  and  ii)  to 
distinguish  between  different  degradation  mechanisms,  while 
being  faster,  more  efficient  and,  most  important,  relevant  to  auto¬ 
motive  operational  modes.  The  US  Department  of  Energy  (USDoE) 
has  provided  two  ex  situ  protocols  to  study  catalyst  degradation. 
One  involves  a  potentiostatic  hold  test  at  1.2  V;  which  it  is  used  to 
assess  the  stability  of  the  high  surface  area  carbon  support  material, 
and  the  second  one  is  a  dynamic  test  used  to  evaluate  the  durability 
of  the  electrocatalytically  active  nanoparticles  under  load  cycling. 
The  latter  consists  of  30,000  square  wave  cycles  (SWC)  between 
idle  and  peak  power  conditions  of  0.6/0.7-0.9/1.0  V  [16-18].  The 
US  Fuel  Cell  Council  (USFCC)  has  also  proposed  a  degradation  test, 
consisting  of  1000  SWC  between  0.6  and  1.2  V,  that  is  generally 
accepted  for  evaluating  the  electrocatalyst  durability,  and  a  1.5  V 
potential  hold  test  to  examine  the  carbon  support  stability,  espe¬ 
cially  of  current  state-of-the-art  graphitized  carbon  support 
materials  [16].  Though  the  protocols  from  the  USDoE  and  USFCC 
separately  evaluate  the  catalyst  stability  upon  cycling  and/or 
holding  at  high  potentials,  they  do  not  properly  simulate  SU/SD 
events  in  a  vehicle.  Therefore,  these  tests  may  not  provide  as  much 
insight  into  the  specific  degradation  mechanisms  characteristic  for 
these  applications.  Several  groups  have  suggested  different  ex  situ 
cycling  tests  at  potentials  between  0.6  and  1.5  V  [19,20]  or  between 
0.85  and  1.5  V  [21].  However,  degradation  tests  studying  start-up / 
shut-down  cathode  events  separately  and  combined  in  a  liquid 
electrolyte  environment  have  not  been  reported  so  far. 

In  this  work,  we  propose  a  potential  cycling  protocol  which  was 
developed  from  automotive  stack  voltage  responses  and  which 
reproduces  the  main  features  exhibited  during  SU/SD  processes. 
Combined  electrochemical  and  mass  spectrometric  measurements 
in  a  differential  electrochemical  mass  spectrometry  (DEMS)  set-up 
were  employed  to  follow  the  degradation  of  the  catalyst  during 
potential  cycling  with  time.  The  SU/SD  degradation  process  is 
analyzed  to  identify  which  parts  of  the  SU/SD  cycle  contribute 
most  to  degradation.  Finally,  the  physical  changes  of  the  catalyst 
caused  by  SU/SD  cycling  are  characterized.  The  results  provide 
a  solid  basis  for  an  application  relevant  evaluation  of  the  cathode 
catalyst  durability  and  degradation  under  SU/SD  operating 
conditions. 

2.  Experimental 

2.1.  Electrochemical  and  DEMS  measurements 

The  electrochemical  and  mass  spectrometric  measurements 
were  performed  in  a  dual  thin-layer  flow-through  DEMS  cell,  which 
was  connected  to  a  differentially  pumped  vacuum  chamber  system 
with  a  Pfeiffer  Vacuum  quadrupole  mass  spectrometer  (QM  422) 


[22-25].  Potential  control  was  achieved  with  a  potentiostat  from 
Solatron  (Analytical  Multistat  1480).  A  thin  film  of  catalyst  sup¬ 
ported  on  a  glassy  carbon  stub,  was  used  as  working  electrode.  Two 
Pt  wires  served  as  counter  electrodes  and  a  saturated  calomel 
electrode  was  used  as  reference  electrode.  All  potentials  are  refer¬ 
enced  against  that  of  a  reversible  hydrogen  electrode  RHE.  The 
degradation  measurements  were  conducted  in  0.5  M  H2SO4  elec¬ 
trolyte  under  controlled  flow,  with  the  electrolyte  continuously 
purged  with  argon.  All  DEMS  experiments  were  reproduced  by 
rotating  ring  disk  electrodes  (RDE)  as  well,  showing  similar  ECSA 
degradation  behavior  as  in  DEMS. 

2.2.  Thin  film  catalyst  electrode  preparation 

Using  a  commercial  graphitized  carbon-supported  Pt  catalyst, 
a  catalyst  ink  consisting  of  2  mg  catalyst  per  cm3  aqueous  solution 
was  prepared.  The  suspension  was  ultrasonicated  for  30  min  at 
room  temperature  before  a  25  pi  aliquot  was  dispersed  onto 
a  mirror  polished  glassy  carbon  disk  from  Sigradur  GmbH  Germany 
of  9  mm  diameter  and  then  dried  under  nitrogen.  An  aqueous 
Nation  solution  was  then  added  following  the  method  proposed  by 
Schmidt  et  al.  [26].  It  was  shown  that  the  diffusion  resistance  of  the 
Nation  film  is  negligible  due  to  its  low  thickness  [26].  The  working 
electrode  was  transferred  to  a  thin-layer  flow-cell.  Prior  to  the 
electrochemical  measurements,  the  catalysts  was  electrochemi- 
cally  cleaned  by  sweeping  the  potential  between  0.06  and  1.2  V, 
until  a  steady  voltammogram  was  obtained. 

2.3.  ECSA  loss  determination 

The  platinum  ECSA  of  each  catalyst  sample  was  determined 
using  the  mean  integral  charge  of  the  hydrogen  adsorption  areas, 
obtained  at  10  mV  s-1  and  room  temperature,  considering  a  charge 
of  210  pC  cmPt“2  for  a  full  monolayer  (ML)  of  Hupd  and  assuming 
a  Hupd  coverage  of  0.77  ML  at  the  onset  of  hydrogen  evolution 
[22,27].  Each  of  the  accelerated  events  included  1000  potential 
cycles,  stopping  after  100,  200,  400,  600,  800, 1000  cycles  in  order 
to  determine  the  ECSA  and  the  cumulative  carbon  mass  via  the  C02 
signal  (see  below). 

2.4.  Carbon  corrosion 

The  carbon  mass  loss  was  quantified  by  measuring  the  C02 
evolution  during  the  different  potential  cycle  tests  in  a  DEMS 
set-up.  This  allows  simultaneous  measurements  of  the  Faradaic 
current  at  a  thin  film  working  electrode  and  online  measurements 
of  the  carbon  corrosion  via  the  resulting  C02  evolution.  Gaseous 
products  such  as  C02  diffuse  from  the  working  electrode  through 
a  porous  membrane  to  a  mass  spectrometer;  the  membrane  is 
provided  by  Scimat®  and  has  50%  porosity,  a  thickness  of  60  pm  and 
0.2  pm  pore  diameter.  The  mass  signal  of  C02  (m/z  =  44)  recorded 
during  potential  cycling  is  then  used  to  determine  the  carbon 
weight  loss  mcarb  via  the  following  relation: 

fHcarb  =  (Aw-Qco2)/(F-I<*)  0) 

where  Aw  is  the  atomic  weight  of  carbon  (Aw  =  12.01  g  mol-1 );  Qco2 
is  the  charge  of  the  mass  spectrometric  C02  signal  (mz-1  =  44);  Fis 
the  Faraday  constant  (F  =  96,485  C  mol-1)  and  IC  the  calibration 
constant  of  the  C02  signal.  The  calibration  constant  IC,  which 
allows  to  calculate  the  number  of  C02  molecules  from  the  charge  in 
the  mass  spectrometric  C02  signal  and  which  is  defined  by  [22]: 
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was  measured  during  oxidation  of  pre-adsorbed  CO  (COad  strip¬ 
ping’).  Qqq2  and  Qf  are  the  mass  spectrometric  (mz_1  =  44)  and  the 
Faradaic  charges,  respectively,  and  z  is  the  number  of  electrons 
released  per  adsorbed  CO  molecule  which  is  oxidized  to  CO2.  For 
the  calibration  procedure,  COad  stripping  was  performed  by  first 
adsorbing  CO  at  a  constant  electrode  potential  of  0.06  V  for  10  min, 
by  injecting  2  ml  of  CO  saturated  0.5  M  H2S04  solution.  After  CO 
adsorption,  the  cell  was  carefully  flushed  with  Ar  saturated  elec¬ 
trolyte  at  the  same  electrode  potential  in  order  to  remove  the 
excess  of  dissolved  CO.  The  COad  layer  was  oxidatively  stripped  in 
a  potential  scan  (scan  rate  10  mV  s-1),  starting  from  the  adsorption 
potential  and  recording  both  Faradaic  and  mz-1  =  44  ion  current. 

To  ensure  that  during  high  potentials  the  C02  signal  results  only 
from  the  sample  and  not  from  oxidation  of  the  glassy  carbon 
support,  a  blank  experiment  was  conducted  using  a  catalyst  free 
glassy  carbon  electrode. 

2.5.  Elemental  and  structural  analysis 

One  of  the  advantages  of  the  flow-cell  system  is  the  ability  to 
collect  the  electrolyte  in  which  platinum  was  dissolved  during  the 
degradation  tests.  The  amount  of  dissolved  platinum  from  the 
working  electrode  in  to  the  electrolyte  was  determined  by 
elemental  analysis  by  Inductively  Coupled  Plasma  Mass  Spectros¬ 
copy  (ICP-MS)  with  a  platinum  detection  limit  of  0.001  mg  1_1.  The 
electrolyte  (flow  of  20  pi  s-1)  was  collected  continuously  and 
removed  after  0, 100,  200, 400,  600,  800, 1000  cycles  for  Pt  content 
analysis. 

Transmission  electron  microscopy  (TEM)  images  were  obtained 
using  a  JEOL  3010  microscope  operated  at  300  kV.  Particle  size  and 
size  distribution  was  evaluated  before  and  after  the  electrochemical 
measurement,  using  the  particle  analysis  function  of  the  Digital 
Micrograph  software  Gatan,  by  counting  500  particles. 

3.  Results  and  discussion 

Depending  on  the  fuel  cell  application,  the  cathode  catalyst  may 
be  exposed  to  various  potential  windows.  Typically,  the  fuel  cell 
cathode  is  operated  at  voltages  between  0.6  and  0.9  V  [28]  during 
a  normal  drive  cycle.  When  the  car  is  turned  off,  air  ingress  into  the 
fuel  cell  anode  creates  an  air/air  condition,  where  the  measured 
potential  of  both  electrodes  is  about  1.0  V  [13].  During  SU/SD,  the 
potential  experienced  by  the  cathode  catalyst  can  be  higher  than 
1.4  V  [19,29,30]  for  short  periods  of  time. 

3.1.  SU/SD  degradation  test 

During  fuel  cell  SU/SD,  the  H2/air  flow  developed  on  the  anode 
side  leads  to  cathode  potentials  that  cause  accelerated  degradation 
of  the  electrocatalysts  [29,30].  In  order  to  follow  the  voltage 
behavior  with  the  change  in  the  H2/air  flow,  Fig.  1  displays  the 
voltage  trace  collected  from  in  situ  measurements.  The  plot  was 
generated  by  measuring  half  cell  potentials,  using  a  proprietary 
reference  electrode.  Loop  currents  were  generated  by  flowing  air 
continuously  on  the  cathode  while  the  anode  gas  was  switched 
between  air  and  hydrogen.  When  air  is  flowing  through  both 
electrodes,  anode  and  cathode,  a  rest  potential  of  1.04  V  is 
measured.  Once  hydrogen  is  flushed  over  the  air  at  the  anode  side, 
the  surface  Pt  oxides  are  reduced  and  the  anode  potential  drops 
gradually  to  0  V.  On  the  cathode  side,  the  potential  rises  to  1.45  V, 
further  oxidizing  Pt  and  carbon  in  response  to  the  lack  of  protons 
and  electrons  from  the  anode,  damaging  the  cathode  catalyst  layer. 
Afterward,  the  anode  filled  with  FI2  has  a  potential  of  0  V  and  the 
cathode  filled  with  air  has  a  potential  of  0.9  V. 


Fig.  1.  Voltage  profile  of  cathode  and  anode  for  a  Pt/C  electrode  on  a  MEA,  under  SU/SD 
conditions,  originating  from  air/air  conditions  on  both  sides. 

The  in  situ  SU/SD  voltage  behavior  illustrated  in  Fig.  1  was  used 
to  develop  an  ex  situ  SU/SD  degradation  test  for  fast  and  reliable 
testing  of  the  electrocatalyst  durability.  The  development  of 
a  combined,  accelerated  cathode  SU/SD  testing  protocol  in  a  liquid 
electrolyte  environment  allowing  to  identify  the  contributions  of 
the  different  degradation  processes  responsible  for  the  loss  in  ECSA 
has  not  been  reported  so  far.  Cycle  A  in  Fig.  2  illustrates  a  potential 
cycle  which  summarizes  both  events  SU  and  SD  on  the  cathode  side 
of  a  PEM  FC.  The  cycle  begins  with  the  SD  event,  which  is  simulated 
by  varying  the  potential  from  normal  driving  (0.6  V)  to  peak  (1.4  V) 
conditions  and  holding  the  upper  potential  for  30  s.  Afterward,  the 
potential  is  fixed  at  1.0  V  for  30  s  to  simulate  the  condition  when  the 
car  is  resting  and  is  filled  with  air.  In  order  to  mimic  the  start-up 
event,  the  potential  is  again  increased  from  1.0  V  to  1.4  V  for  30  s, 
followed  by  a  return  to  the  normal  driving  voltage  of  0.6  V  for  30  s. 
The  above  SU/SD  profile  was  analyzed  to  determine  which  portion 
of  the  profile  contributes  most  to  the  overall  cathode  degradation. 
Each  SU/SD  cycle  includes  at  least  three  different  potential  steps 


Fig.  2.  Profiles  of  square  wave  cycles  for  accelerated  durability  measurements:  A 
represents  the  SU/SD  profile  of  0.6-1.4-1.0-1.4-0.6  V;  B  represents  the  large  voltage 
window  0.6-1.4  V  in  A;  C  represents  the  narrow  voltage  interval  1.0— 1.4  V  in  A;  D  the 
reference  test  0.6-1.2  V. 
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from  0.6  V  to  1.4  V  to  1.0  V  for  the  shut-down  portion  and  from  1.0  V 
to  1.4  V  to  0.6  V  for  the  start-up  event.  Therefore,  two  separate 
model  protocols  were  studied:  cycle  B,  which  separates  the  wide 
cycling  window  from  0.6  to  1.4  V  at  the  start  and  end  of  the  SU/SD 
cycle,  and  cycle  C,  that  isolates  the  narrow  cycle  window  between 
1.0  and  1.4  V.  In  addition  to  the  above  protocols,  the  USFCC  [16] 
cycling  protocol,  which  consists  of  square  wave  cycling  (SWC) 
between  0.6  and  1.2  V,  was  considered  as  well  for  comparative 
purposes.  There  are  several  ways  to  mitigate  the  H2/air  front  related 
voltage.  Nevertheless,  since  currently  the  fuel  cell  stack  voltage 
definitely  does  exceed  0.9  V  in  start-up/shut-down  and  H2  starva¬ 
tion  situations,  we  find  the  high  potentials  used  in  the  present  work 
realistic  to  mimic  the  long  term  behavior  a  stack  is  exposed  to  and 
the  related  degradation.  In  the  following,  the  analysis  of  the  Pt  and 
carbon  support  stability  under  the  proposed  testing  protocol 
conditions  is  described,  and  we  identify  and  quantify  the  structural 
changes  of  the  catalyst  induced  by  SU/SD  cycling. 

3.2.  Platinum  surface  area  loss 

Fig.  3  shows  the  ECSA  loss  resulting  during  the  four  different 
potential  cycling  profiles.  The  error  bars  are  based  on  the  values 
obtained  in  a  single  DEMS  measurement  and  two  measurements 
using  a  rotating  ring  disk  electrode  (RRDE)  on  two  catalysts 
samples.  In  all  cases,  the  ECSA  of  the  catalyst  decreases  with 
increasing  cumulative  number  of  cycles,  the  upper  potential  limit 
(cycle  B  vs.  cycle  D)  and  the  potential  window  range  (cycle  B  vs. 
cycle  C  and  vs.  cycle  D).  Each  SU/SD  cycle  is  comprised  of  one  cycle 
from  0.6  to  1.4  V  illustrated  in  Fig.  2  (cycle  B)  and  one  cycle  from  1.0 
to  1.4  V  illustrated  as  cycle  C  in  Fig.  2.  A  sequence  of  1000  cycles  B 
led  to  a  cumulative  ECSA  loss  of  76%,  while  a  similar  sequence  of  C 
type  cycles  caused  a  loss  of  18%  (Fig.  3).  The  two  cycles  together 
result  in  a  similar  cumulative  ECSA  loss  as  obtained  in  the  overall 
SU/SD  testing  protocol  of  cycle  A  (94%).  The  result  shows  that  the 
portion  of  the  SU/SD  cycle  involving  the  largest  change  of  the 
potential  contributes  most  to  the  overall  catalyst  degradation  as 
measured  by  the  decrease  in  ECSA.  Comparing  cycling  along 
protocol  B  with  that  using  protocol  C,  the  ECSA  loss  was  50%  higher 
for  B  than  for  C.  It  is  known  that  high  potentials  such  as  1.4  V  result 
in  the  formation  of  platinum  surface  oxides  on  the  Pt  nanoparticles, 
and  potentials  around  1.0  V  are  not  low  enough  to  completely 


Fig.  3.  Effect  of  the  potential  window  on  the  Pt  ECSA  for  increasing  cycle  number:  A 
(0.6— 1.4— 1.0— 1.4— 0.6  V);  B  (0.6-1.4  V);  C  (1.0— 1.4  V);  D  (0.6-1.2  V);  30  s  each 
potential  step. 


reduce  these  oxides.  Therefore,  the  degradation  process  is  hindered 
and  the  electrochemically  active  Pt  surface  is  largely  passivated,  as 
seen  in  cycle  C.  However,  when  the  potential  is  lowered  to  0.6  V,  the 
oxide  layer  is  largely  reduced,  which  leads  to  an  increased  platinum 
dissolution  when  the  potential  is  stepped  back  to  high  values 
(1.4  V).  This  behavior  is  found  in  cycle  B,  in  agreement  with  liter¬ 
ature  data  [31-33]. 

The  effect  of  potential  cycling  in  the  range  of  0.6-1.2  V  in  cycle  D 
resulted  in  a  52%  platinum  ECSA  loss,  which  is  20%  less  than  that  in 
cycle  B  (Fig.  3).  This  result  is  attributed  to  the  increase  of  the  upper 
potential  from  1.2  V  in  cycle  D  to  1.4  V  in  cycle  B.  In  general,  the 
corrosion  of  the  carbon-supported  Pt  catalyst  is  accelerated  at 
potentials  as  high  as  1.4  V.  Since  the  time  spent  at  high  potentials 
varied  considerably  in  the  different  cycles,  we  plotted  the  ECSA 
losses  against  the  time  spent  at  potentials  higher  than  1.0  V  in  Fig.  4. 
In  the  case  of  cycle  A  the  time  spent  at  high  potentials  is  90  s  per 
cycle,  which  is  longer  than  for  cycles  B  and  C  with  30  and  60  s, 
respectively,  spent  at  high  potentials.  After  about  8  h  cycling  along 
the  respective  protocols  (see  Fig.  4),  illustrated  by  the  dotted  line  in 
Fig.  4,  protocol  B  was  found  to  be  most  corrosive,  followed  by  A,  D 
and  finally  C.  Therefore,  the  fact  that  the  highest  degradation  is 
observed  during  cycle  A  when  plotting  vs.  the  cumulative  number 
of  cycles  (Fig.  3),  is  mainly  due  to  the  longer  times  spent  at  higher 
potentials  in  that  protocol.  Hence,  the  addition  of  cycle  C  to  cycle  B, 
which  creates  a  profile  identical  to  that  of  cycle  A  (Fig.  2),  leads  to 
a  lower  ECSA  loss  compared  to  that  during  B  cycling,  and  thus  to 
a  stabilization  of  the  catalyst.  As  discussed  before,  cycle  A  repre¬ 
sents  more  properly  the  potential  conditions  encountered  in  the  car 
during  SU/SD,  and  thus  is  more  suitable  to  investigate  cathode 
catalyst  materials  under  conditions  close  to  SU/SD  events 
encountered  in  fuel  cells. 

3.3.  Carbon  mass  loss 

Another  factor  contributing  to  the  degradation  of  the  cathode 
catalyst  is  the  corrosion  of  the  carbon  support  material.  Possible 
mechanisms  of  the  carbon  corrosion  process  have  been  discussed 
in  the  literature  [15,19,21,30,34].  Therefore,  the  focus  of  this  study 
was  to  quantify  the  carbon  mass  loss  during  the  different  potential 
cycles  A,  B,  C  and  D.  Fig.  5  shows  the  cumulative  carbon  weight 
loss,  determined  from  the  mass  spectrometric  C02+  signal 


Fig.  4.  Effect  of  the  potential  window  on  the  Pt  ECSA  for  increasing  time  spent  at  high 
potentials  (above  1.0  V):  A  (0.6-1.4-1.0-1.4-0.6  V);  B  (0.6-1.4  V);  C  (1.0-1.4  V);  D 
(0.6-1.2  V);  30  s  each  potential  step. 
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(mz~x  =  44)  recorded  simultaneously  to  the  Faradaic  current,  as 
a  function  of  the  cumulative  number  of  cycles.  It  shows  very  low 
cumulative  carbon  mass  losses,  with  6%  in  maximum  obtained  for 
cycle  A  (see  Fig.  5).  The  error  bars  are  based  on  DEMS  measure¬ 
ments  performed  for  two  catalyst  samples  with  graphitized 
carbon  support  (1  measurement  per  sample).  The  corrosion 
resistance  of  the  carbon  may  be  related  to  the  graphitic  nature  of 
the  carbon  surface.  Nevertheless,  the  (local)  loss  of  carbon  may 
severely  weaken  the  interaction  between  Pt  nanoparticles  and  the 
carbon  support,  and  thus  cause  a  detachment  of  the  Pt  nano¬ 
particles  from  the  support,  resulting  in  a  loss  of  ECSA.  Carbon 
corrosion  is  highest  during  testing  cycle  A,  followed  by  B  and  D, 
and  it  is  lowest  after  cycling  protocol  C  as  illustrated  in  Fig.  5. 
When  cycling  between  0.6  and  1.4  V  (cycle  B),  the  carbon  mass 
loss  is  50%  higher  than  during  cycling  in  the  potential  window  of 
0.6— 1.2  V  (cycle  D)  and  70%  higher  than  in  the  range  of  1.0— 1.4  V 
(cycle  C).  These  experiments  indicate  that  similar  to  the  ECSA  loss 
the  carbon  weight  loss  is  approximately  additive,  as  the  added 
carbon  losses  for  cycles  B  and  C  are  comparable  to  those  obtained 
during  cycles  A,  despite  the  rather  different  cumulative  times  at 
potentials  higher  than  1.0  V. 

Fig.  6  shows  the  carbon  weight  loss  as  a  function  of  time  spent  at 
high  potentials  (E  >  1.0  V).  It  is  interesting  to  note  that  the  carbon 
mass  losses  in  D  and  C  are  similar  after  8  h  cycling,  if  only  the  time 
above  1.0  V  is  considered.  Similar  behavior  was  observed  also  for 
the  ECSA  loss  (see  above).  Most  likely,  potentials  of  1.2  V  are  not 
high  enough  to  induce  substantial  carbon  corrosion  on  graphitized 
carbon  materials,  and  upon  cycling  in  the  potential  window  of 
1.0— 1.4  V  corrosion  is  hindered  by  surface  oxide  species  [21]. 
Decreasing  the  lower  potential  limit  to  0.6  V  in  cycle  B,  carbon 
corrosion  increases  by  a  factor  of  four,  from  ~  0.5%-~  2.5%, 
compared  with  D  and  C.  The  combination  of  the  potential  cycles 
of  B  and  C  in  the  new  SU/SD  testing  protocol  A  shows  the 
influence  of  the  strong  passivation  effect  of  the  ‘oxide’  layer  on 
the  carbon  support  surface.  The  passivation  effect  imposed  by  the 
addition  of  cycle  C  into  the  protocol  B  is  much  more  pronounced 
for  carbon  corrosion  than  for  the  platinum  ECSA  loss  (see  Fig.  4), 
comparing  similar  times  spent  at  high  potentials  (30,000  s).  Carbon 
corrosion  is  essentially  reduced  to  half  when  cycles  B  and  cycles  A 
are  compared,  while  the  ECSA  loss  is  only  ~10%  lower.  This 
difference  must  be  related  to  the  specific  degradation  mechanism 


Fig.  5.  Effect  of  potential  cycling  on  the  carbon  weight  loss  for  increasing  number  of 
cycles:  A  (0.6-1.4-1.0-1.4-0.6  V);  B  (0.6-1.4  V);  C  (1.0-1.4  V);  D  (0.6-1.2  V);  30  s  each 
potential  step. 


Fig.  6.  Effect  of  potential  cycling  on  the  carbon  weight  loss  for  increasing  time  at  high 
potentials:  A  (0.6-1.4-1.0-1.4-0.6  V);  B  (0.6-1.4  V);  C  (1.0-1.4  V);  D  (0.6-1.2  V);  30  s 
each  potential  step. 

that  dominates  the  losses  of  carbon  and  of  Pt  surface  area  at  high 
potentials.  Obviously,  the  passivation  introduced  by  the  narrow 
potential  windows  (1.0— 1.4  V)  is  more  efficient  for  stabilizing  the 
ECSA  against  losses  in  the  subsequent  wide  potential  window 
(0.6— 1.4  V)  than  for  stabilization  of  carbon  against  surface  oxida¬ 
tion.  This  may  be  related  to  the  accelerated  corrosion  of  carbon  in 
the  presence  of  Pt  nanoparticles  [29]. 

3.4.  Separation  of  the  different  contributions  to  catalyst 
degradation 

Several  mechanisms  are  commonly  held  responsible  for  the  loss 
of  Pt  ECSA  such  as  Pt  dissolution,  Pt  agglomeration  and  carbon 
corrosion  [35—38].  To  unravel  which  process  has  the  biggest  impact 
on  the  overall  Pt  ECSA  losses,  we  tried  to  quantify  the  contributions 
from  the  individual  degradation  processes  in  the  SU/SD  durability 
test  A.  During  the  degradation,  the  liquid  electrolyte  was  periodi¬ 
cally  collected  and  analyzed  by  ICP-MS  in  order  to  quantify  the 
platinum  mass  loss.  The  Pt  particle  size  was  determined  by  TEM 
analysis  at  the  beginning  and  at  the  end  of  the  test.  The  contribu¬ 
tion  from  carbon  corrosion  was  discussed  already  in  Section  3.3. 
From  TEM  images,  the  volume-area  mean  particle  size  dva  of  the 
fresh  Pt/C  catalyst  was  determined  to  5.35  ±  0.45  nm  (see  Fig.  7). 
Assuming  spherical  particles,  this  mean  particle  size  corresponds 
to  a  theoretical  surface  area  SAT  =  52.36  ±  4.40  m2  gPt_1,  which 
is  in  good  agreement  with  the  experimental  surface  area 
SAe  =  52.04  ±  0.76  m2gPt_1  determined  by  integration  of  the  Hupd 
adsorption  charge.  After  the  SU/SD  cycles  (1000  cycles),  there  was 
a  substantial  change  in  particle  shapes/sizes  and  in  the  distribution 
of  platinum  particles  due  to  growth  and  agglomeration,  and 
different  particle  shapes,  both  spherical  and  non-spherical  shapes, 
could  be  distinguished,  as  illustrated  in  the  TEM  image  in  Fig.  7b. 
TEM  images  of  the  highly  degraded  catalysts  are  difficult  to  eval¬ 
uate  due  to  the  large  fraction  of  agglomerated  and  overlapping 
particles  [39-41  ],  which  causes  large  deviations  in  the  particle  size 
distribution  and  in  the  calculation  of  the  mean  particle  size.  In 
order  to  not  only  rely  on  the  TEM  images,  we  also  calculated  the 
dispersion  of  the  catalyst  from  electrochemical  (Hupd)  and  analyt¬ 
ical  (ICP-MS)  measurements.  The  catalyst  dispersion  can  be 
considered  as  a  parameter  that  provides  information  about  particle 
growth/agglomeration  and  its  relationship  to  ECSA  loss.  The 
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Fig.  7.  TEM  images  of  the  Pt/C  catalyst  (a)  before  and  (b)  after  the  1000  degradation  cycling  test  using  protocol  A  (0.6-1.4-1.0-1.4-0.6  V);  30  s  each  potential  step. 


dispersion  is  given  by  the  ratio  of  the  active  Pt  surface  atoms  and 
the  total  number  of  Pt  atoms  at  the  working  electrode,  as  follows: 


where:  De  is  the  dispersion  of  Pt  particles,  determined  from 
experimental  data,  TPt  is  the  total  number  of  Pt  atoms  present  at  the 
working  electrode,  determined  from  the  difference  between  the 
initial  Pt  loading  and  the  Pt  loss,  during  degradation  cycles, 
measured  by  ICP  (see  Table  1)  and  APt  is  the  number  of  active 
surface  platinum  atoms,  determined  via  the  following  relationship: 

An  =  (4) 


Table  1 

ECSA,  remaining  Pt  mass,  active  Pt  mass  and  calculated  dispersion  as  a  function  of 
number  of  cycles. 


Cumulative 
no.  SWCs 

ECSAcm  2 

Remaining 

Pt  massapg 1 

Active 

Pt  massbPg-1 

Dispersion/% 

0 

8.96 

16.65 

2.93 

17.59 

100 

6.45 

12.67 

2.11 

16.64 

200 

4.48 

9.88 

1.46 

14.83 

400 

1.92 

7.24 

0.63 

8.68 

600 

0.81 

5.73 

0.26 

4.62 

800 

0.35 

5.03 

0.11 

2.27 

1000 

0.11 

4.51 

0.04 

0.82 

a  Determined  from  ICP-MS  analysis. 
b  Determined  from  electrochemical  data  (Hupd). 


where:  Qhupc1  is  the  hydrogen  underpotential  deposition  charge  (C), 
which  is  determined  by  integrating  the  hydrogen  adsorption  area 
of  the  measured  basic  voltammogram,  F  is  the  Faraday  constant 
(F  =  96,485  C  mor1)  and  NA  is  the  Avogadro  constant 
6.02  x  1023  mol”1. 

For  the  fresh  catalyst,  the  dispersion  of  De  =  0.17  (see  Table  1) 
calculated  by  this  approach  is  in  good  agreement  with  the  initial 
dispersion  determined  from  the  TEM  data  (DTem  =  0.17  ±  0.014). 
The  above  procedure  is  of  great  advantage  since  it  does  not  rely  on 
assumptions  on  the  shape  of  the  particles,  in  contrary  to  the  TEM 
data,  making  it  more  accurate  for  characterizing  fresh  and,  more 
important,  degraded  electrocatalysts.  At  the  end  of  the  degradation 
cycle  A,  the  dispersion  had  decreased  to  De  =  0.0082,  and  the 
corresponding  surface  area  to  SAE  =  2.51  m2gPt-1. 

In  the  following,  we  evaluate  the  quantitative  contributions  of 
the  different  degradation  processes,  Pt  dissolution  and  Pt  particle 
growth/agglomeration,  to  the  ECSA  loss.  Fig.  8  shows  the  cumula¬ 
tive  decay  of  the  ECSA,  of  the  amount  of  platinum  (platinum 
dissolution)  and  of  the  dispersion  from  the  fresh  catalyst  up  to  1000 
cycles  of  the  SU/SD  testing  protocol  (cycle  A).  The  data  indicate  an 
exponential  decay  of  the  ECSA  to  a  very  low  value  of  2%  of  the  initial 
value.  Likewise,  also  the  Pt  mass  decays  about  exponentially,  but 
with  a  significantly  higher  final  value  (27%  of  the  initial  mass).  In 
good  agreement  with  these  findings,  the  loss  in  dispersion  is 
initially,  in  the  first  200  cycles,  rather  small,  but  then  increases 
significantly  and  exceeds  that  caused  by  Pt  dissolution  after  about 
500  cycles.  Finally,  also  the  dispersion  has  decayed  to  a  very  low 
value,  about  5%  of  the  initial  value.  Accordingly,  the  degradation  of 
the  catalyst  is  initially  dominated  by  the  dissolution  of  Pt.  This 
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Fig.  8.  Separation  of  the  contributions  from  the  different  degradation  processes  -  the 
cumulative  decay  of  the  ECS  A,  the  Pt  mass  (Pt  dissolution)  and  of  the  dispersion  during 
cycling  using  protocol  A  (0.6— 1.4— 1.0— 1.4— 0.6  V)  vs.  the  number  of  cycles. 

process  becomes  less  dominant  after  about  200  cycles,  when  the  Pt 
particle  increase  leads  to  a  steep  decay  of  the  dispersion,  and  finally 
growth/agglomeration  of  Pt  particles,  as  indicated  by  the  decay  of 
the  dispersion,  is  the  dominant  factor  for  the  decay  in  ECSA. 

The  contributions  of  the  two  individual  degradation  processes, 
Pt  dissolution  and  Pt  particle  growth/agglomeration,  to  the  overall 
decay  of  the  ECSA  are  more  obvious  from  plots  of  the  ECSA  as 
a  function  of  loss  in  Pt  mass  (Pt  dissolution)  and  Pt  dispersion 
(Pt  particle  growth/agglomeration),  respectively,  in  Fig.  9.  This  plot 
reveals  that  the  ECSA  decreases  linearly  with  the  loss  of  platinum 
mass  and  about  exponentially  with  the  decrease  of  the  dispersion, 
induced  by  the  growth/agglomeration  of  the  Pt  particles.  In  the 
former  case  it  is  interesting  to  note  that  the  ECSA  is  almost 
completely  lost  at  a  point  (after  1000  cycles),  where  the  Pt  mass 
loss  is  about  73%.  Hence,  most  of  the  remaining  Pt  mass  of  4.5  pg  at 
the  working  electrode  (Table  1)  must  be  agglomerated  and 
essentially  inactive.  The  large  effective  Pt  particle  size  is  reflected 
also  by  the  very  low  final  dispersion  of  only  DE  =  0.0082,  which  is 


Losses / % 


Fig.  9.  The  dependence  of  the  ECSA  on  the  cumulative  loss  of  Pt  mass  and  of  the  Pt 
dispersion,  during  cycling  using  protocol  A  (0.6— 1.4— 1.0— 1.4— 0.6  V)  (based  on  the 
measurements  presented  in  Fig.  8). 


Number  of  cycles 


Fig.  10.  Evolution  of  the  overall  ECSA  loss  and  the  losses  due  to  Pt  dissolution  and  Pt 
particle  growth/agglomeration  (dispersion)  with  increasing  number  of  cycles  using 
protocol  A  (0.6-1.4-1.0-1.4-0.6  V)  (in  all  cases  differential  losses,  see  Table  1  for 
absolute  values)  (based  on  the  measurements  presented  in  Fig.  8). 

equivalent  to  a  mean  particle  size  of  100  nm,  assuming  spherical 
particles. 

Further  information  on  the  contributions  of  the  different 
degradation  processes  to  the  surface  area  loss  during  SU/SD 
degradation  tests  can  be  obtained  from  the  differential  losses  of 
ECSA,  Pt  mass  and  dispersion,  reflecting  the  relative  change  of  these 
properties  between  subsequent  analysis  steps.  These  are  plotted  in 
Fig.  10  vs.  the  number  of  cycles  (see  also  Table  1  for  absolute 
numbers).  For  the  first  100  cycles,  the  trace  of  the  ECSA  loss  closely 
resembles  that  for  Pt  dissolution,  indicating  that  the  ECSA  loss  is 
mainly  caused  by  irreversible  Pt  dissolution  into  the  electrolyte.  For 
the  next  100  cycles,  the  losses  in  ECSA  and  Pt  mass  remain  almost 
constant,  while  the  dispersion  loss  increases,  as  expected  for 
a  beginning  contribution  from  Pt  particle  growth/agglomeration  to 
the  overall  ECSA  loss.  With  further  increasing  number  of  cycles,  up 
to  400  cycles,  both  ECSA  loss  and  dispersion  loss  increase  consid¬ 
erably,  while  Pt  dissolution  remains  about  constant.  Hence,  the 
contribution  of  Pt  dissolution  to  the  overall  ECSA  loss  decreased 
significantly.  Continuing  stepwise  to  1000  cycles,  the  increase  in 
ECSA  and  dispersion  losses  continues,  though  less  pronounced, 
while  Pt  dissolution  decreases  slightly.  In  combination,  this  results 
in  a  further  decreasing  contribution  of  Pt  dissolution  to  the  overall 
ECSA  loss.  Therefore,  at  the  end  of  the  SU/SD  test,  the  ECSA  loss  is 
dominated  by  Pt  particle  growth/agglomeration;  Pt  dissolution  still 
occurs,  but  at  a  lower  rate.  The  decreasing  contribution  from  Pt 
dissolution  with  continuing  cycling  agrees  well  with  previous 
findings  that  platinum  particle  growth  stabilizes  them  against 
dissolution  [42]. 

4.  Conclusions 

A  new  ex  situ  catalyst  durability  test,  assessing  the  catalyst 
stability  and  degradation  processes  under  SU/SD  conditions,  has 
been  developed  as  a  practical  and  meaningful  approach  for 
benchmarking  potential  fuel  cell  catalysts.  These  ex  situ  tests  have 
the  advantage  of  being  faster  and  less  costly  than  in  situ  tests,  and 
also  avoid  contributions  from  other  components  inside  a  fuel  cell 
stack.  The  testing  procedure  allows  us  to  distinguish  between 
different  degradation  processes  occurring  under  SU/SD.  It  was 
shown  that  under  SU/SD  conditions  the  large  voltage  windows  and 
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high  potentials  occurring  during  cycle  B  (0.6-1.4  V)  contribute 
most  to  the  degradation  of  the  present  catalyst,  while  the  narrow 
potential  window  applied  during  cycle  C  (1.0— 1.4  V)  in  fact  lowers 
the  overall  degradation.  It  was  also  shown  that  in  the  proposed  ex 
situ  test  carbon  corrosion  was  very  low,  making  it  likely  that  this 
does  not  contribute  significantly  to  the  catalyst  degradation  under 
SU/SD  conditions.  Degradation  of  the  present  catalyst  is  initially, 
during  the  first  200  cycles,  dominated  by  the  irreversible  disso¬ 
lution  of  Pt,  while  for  longer  cycling  Pt  particle  growth/agglom¬ 
eration  contributes  increasingly  to  the  catalyst  degradation, 
expressed  by  the  loss  in  ECSA.  At  the  end  of  the  test,  after  1000 
cycles,  the  latter  process  has  become  the  predominant  failure 
mode. 
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